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Abstract

Timber harvests remove a significant portion of ecosystem carbon. While some of the wood products moved off-site

may last past the harvest cycle of the particular forest crop, the effect of the episodic disturbances on long-term

on-site carbon sequestration is unclear. The current study presents a 25 year carbon budget estimate for a typical

commercial loblolly pine plantation in North Carolina, USA, spanning the entire rotation cycle. We use a chronose-

quence approach, based on 5 years of data from two adjacent loblolly pine plantations. We found that while the eco-

system is very productive (GEP up to 2900 g m�2 yr�1, NEE at maturity about 900 g C m�2 yr�1), the production of

detritus does not offset the loss of soil C through heterotrophic respiration (RH) on an annual basis. The input of dead

roots at harvest may offset the losses, but there remain significant uncertainties about both the size and decomposi-

tion dynamics of this pool. The pulse of detritus produced at harvest resulted in a more than 60% increase in RH. Con-

trary to expectations, the peak of RH in relation to soil respiration (SR) did not occur immediately after the harvest

disturbance, but in years 3 and 4, suggesting that a pool of roots may have remained alive for the first few years. On

the other hand, the pulse of aboveground RH from coarse woody debris lasted only 2 years. The postharvest increase

in RH was offset by a decrease in autotrophic respiration such that the total ecosystem respiration changed little. The

observed flux rates show that even though the soil C pool may not necessarily decrease in the long-term, old soil C is

definitely an active component in the site C cycle, contributing about 25–30% of the RH over the rotation cycle.
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Introduction

Increasing global population and expanding land use

mean that an ever greater percentage of human needs

for wood products are being met by managed forests.

Currently, about 7% of world’s forests are plantations

and 57% are secondary forests recovering from anthro-

pogenic disturbance (FAO, 2010). From 2000 to 2005,

the rate of increase in the area of planted forests was

2% yr�1 and is accelerating (FAO, 2009). However, it is

unclear, whether or how the contribution of forests to

global C cycling may change with their transition from

natural to managed state (Piao et al., 2009; Stinson et al.,

2011). The increased frequency of disturbance makes

for a very dynamic and rapidly changing biogeochemi-

cal exchange, to the point where age-related variability

may be the predominant source of spatial variation

(Desai et al., 2008), and comparable in magnitude with

environmental variability. There are significant changes

in forest structural and functional traits as related to

age (Noormets et al., 2006, 2007), which have been rec-

ognized as having far greater influence on forest

productivity and CO2 exchange than climate (King

et al., 1999; Pregitzer & Euskirchen, 2004; Magnani

et al., 2007).

Although plantation forests are efficient in biomass

production, the effects of increased frequency of distur-

bance (including site preparation, fertilization, vegeta-

tion control, thinning and harvest) on detritus

decomposition and soil C balance remain poorly under-

stood. For example, Yanai et al. (2003) outlined how

major national syntheses since mid-1990s ultimately

have relied on the classic study by Covington (1981),

which reported 20% loss of mineral soil C following

harvest. More recent measurements of soil C have been
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much more equivocal about the negative effect of

harvesting on the soil C pool (summarized by Yanai

et al., 2003). Although there have been a number of

studies that report postharvest increases in soil CO2

efflux, few have been able to define the exact source

(but see Diochon et al., 2009; Mallik & Hu, 1997; Moroni

et al., 2007). Even though there are several chronose-

quence studies reporting higher soil CO2 emissions fol-

lowing harvest, in broader syntheses, these patterns

disappear among reports of no harvest effect (Johnson

& Curtis, 2001; Subke et al., 2006; Amiro et al., 2010).

The lack of consistent response is usually attributed to

compensating changes in autotrophic and heterotrophic

contributions as proposed by Toland & Zak (1994). In

most cases, the phenomenon has often been attributed

to higher soil temperature and moisture (e.g., Edwards

& Ross-Todd, 1983; Gordon et al., 1987; Yanai et al.,

2003; Hagemann et al., 2010). Yet, it remains largely

unclear to what extent changes in microclimate,

increased organic matter availability, physical distur-

bance, or priming of old soil C contribute to this

increase.

If increased mineralization of soil C is a common phe-

nomenon in postharvest forests, it has significant impli-

cations for site C balance. In some cases, it has been

demonstrated that the increase in soil CO2 production

occurs in deeper, mineral soil layers (Mallik & Hu, 1997;

Moroni et al., 2007; Diochon et al., 2009). In others, spe-

cific logging practices have been associated with leach-

ing of nutrients from the soil profile (Tyree et al., 2009;

O’hehir & Nambiar, 2010). This, in turn, could lead to a

progressive decline in forest productivity over multiple

rotation cycles (Gough et al., 2008a). While the loss of soil

C and nutrients is potentially reversible, the recovery is a

much slower process. For example, in restored prairies,

the plant C and N pools (above- and belowground)

reached levels similar to native prairies in a few decades,

whereas soil organic C and total N recovered on a

century timescale (Matamala et al., 2008).

The replenishment of soil C stocks in tree plantations

through detritus is highly episodic, following the rota-

tion cycle. With limited information on the decomposi-

tion and stabilization dynamics of organic debris in

general (Harmon et al., 1986), data on the dynamics of

harvest residue in managed forests and the effects of

different site preparation techniques are even harder to

come by (but see Hagemann et al., 2010; Moroni et al.,

2009; Takagi et al., 2009). As there may not be a stoichi-

ometric balance among different C pools in intensively

managed forests, the fluxes between them are also con-

tinuously adjusting. Upscaling such a system in space

and time presents significant additional uncertainties.

Compared with other C pools, understanding of the

dynamic of woody detritus is very limited, yet essential

to understanding the role of managed and disturbed

forests in the regional C cycle. The goal of the current

study was to assess the role of harvest-generated detri-

tus and heterotrophic respiration (RH) in the rotation

cycle C balance. An earlier analysis of one of our study

sites suggested a consistent loss of soil C as RH

exceeded new inputs through detritus (Noormets et al.,

2010). The current study re-evaluated that conclusion

using independent measurements and chronosequence

upscaling. We assessed the decomposition dynamics of

postharvest debris and coarse woody debris using mea-

surements in two different-aged loblolly pine (Pinus

taeda L.) stands over a 5 year period. Given that the sites

are located on C-rich organic soils, we hypothesized

that the increase in RH due to the physical disturbance

of the harvest and preplanting site preparation tech-

niques would exceed the decline in RA due to the death

of root systems.

Materials and methods

Study sites

This study was carried out in two loblolly pine (Pinus taeda L.)

plantations, registered in FLUXNET database as US-NC1 and

US-NC2. US-NC1 was harvested just prior to the start of mea-

surements in early 2004 and planted with 2 year old loblolly

pine seedlings in early 2005, and US-NC2 was 13 years old at

the start of the measurements in 2005, having been planted in

1992. Ecosystem carbon pools and CO2 fluxes were measured

over a 5 year period (2005–2009). Although the different site

indices (88 and 66, respectively) may confound the chronose-

quence analysis (Peichl et al., 2010), we use space-for-time

substitution to estimate the integrated rotation cycle carbon

balance in commercially managed loblolly pine plantations

typical to the region.

The study area is located in the lower coastal plain in North

Carolina, USA, at 35°48′ N 76°40′ W. The area is flat, <5 m

above sea level, with ground water depth of 0.5–1.0 m during

the dormant season. The mean (1971–2000) annual precipita-

tion is 1320 mm, mean temperature in July is 26.6 °C, and in

January 6.4 °C. The study period spanned two consecutive

drought years (2007 and 2008), which had annual rainfall 60%

and 45% lower than the long-term mean, respectively. The

drought affected the carbon fluxes of interest, but was incon-

sequential for evaluating the age-related changes in the fluxes

following harvest. While soils are fluvial in origin at both sites,

the Cape Fear series soil at US-NC1 has slightly higher

water-holding capacity and a surface loam layer, whereas the

Belhaven series soil at US-NC2 has a muck layer. The carbon

content is 203 and 635 t C ha�1, and 16.3 and 20.7 t N ha�1 in

the top 1 m at US-NC1 and US-NC2, respectively. Both sites

were bedded before planting with about 5 m row spacing,

and received standard vegetation control. Trees were planted

originally at 1435 and 1913 trees ha�1 (tph) at US-NC1 and

US-NC2, respectively, but at the time of measurement, the

stem densities were 1046 and 670 tph. As no additional
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vegetation control was applied after planting, the ground

cover at US-NC1 was dominated by annuals and shrubs in

years 1–3 (Solidago spp., Eupatorium capillofolium, Erechtites hie-

racifolia and Smilax rotundifolia). Total aboveground under-

story biomass was 300 g m�2 in year 1, and 510 g C m�2 in

year 3 (Table 1). Pine aboveground biomass was 60 g C m�2

in year 3 and 271 g C m�2 in year 4, when it reached canopy

closure. The mid-rotation stand US-NC2 had a maximum

projected leaf area index (LAI) during the growing season of

3.9–4.3 m2 m�2 and decreased to 2.4–2.8 m2 m�2 in winter,

partly due to leaf fall of subdominant and understory Acer

rubrum. LAI was measured on four of the 13 vegetation survey

plots (described below) using a LAI-2000 Plant Canopy Ana-

lyzer (Licor Inc., Lincoln, NE, USA). Although the estimates

were not adjusted for clumping, it is unlikely to affect the

following analysis as the canopy was closed, and the LAI mea-

surements were carried out on the same plots throughout the

study, allowing for interannual comparison. Furthermore,

the litterfall-based estimate of peak LAI in 2006 (as the sum of

litterfall in 2006 and 2007) was similar to the optical estimate

(3.87 vs. 4.0 m2 m�2). More details of US-NC2 can be found in

Noormets et al. (2010). We do not have the exact fertilizer

application history for these stands, but operational silvicul-

tural prescriptions for this region call for 28–50 kg N and

P ha�1 at the time of planting, and 140–195 kg ha�1 N and

28 kg ha�1 P at mid-rotation (Allen & Campbell, 1988; Allen

et al., 1990).

To estimate the postharvest slash and root biomass at

US-NC1, we conducted a vegetation survey in 2008 at a nearby

mixed bottomland hardwood forest, very similar to the vegeta-

tion at US-NC1 prior to the harvest in 2004. This third site was

located 31 km from the loblolly pine stands, at Bull Neck

Swamp, NC (35.95N, -76.42W). The belowground biomass at this

70 year old stand was 12% higher than at US-NC2 (Table 1).

Extrapolating the observed biomass trends to the age of the

typical 25 year rotation cycle suggests that root biomass in a

25 year loblolly pine plantation would be about 55% higher than

in the mature mixed bottomland hardwood stand at US-NC1.

Biometric measurements

Carbon storage was quantified for all major pools, including stem-

wood, foliage, belowground woody biomass, understory, coarse

and fine woody debris (CWD and FWD, respectively), the O-hori-

zon, and soil. The standing biomass in aboveground and below-

ground woody tissues was estimated from species-specific

allometric relationships (Wells et al., 1975; Flowers, 1978; Swindel

et al., 1982; Clark et al., 1985; Stucky et al., 1999; Miller et al., 2006),

based on tree height and/or diameter at breast height (DBH, 1.4m

above ground level). These measurements were made in 13 14 m

diameter Tier-3-type vegetation survey plots (Wofsy & Harriss,

2002), located throughout the 0.25 (US-NC1) and 1 km2 (US-NC2)

study area. All trees with DBH >2.5 cm were tagged, identified to

species and re-measured every winter for changes in diameter

and height. Site-specific biometric equations were developed for

young loblolly pine at US-NC1 (NAG = 49, NBG = 31), devil’s

walking stick (Aralia spinosa; NAG = 16, NBG = 4), winged sumac

(Rhus copallinum; NAG = 5, NBG = 3), and pawpaw (Asimina

triloba; NAG = 5, NBG = 3). Understory biomass was sampled on

10 1 m2 plots in 2005 and 2007 in US-NC1, and on ten 18.6 m2

plots in 2007 and 2008 in US-NC2. The biomass was separated into

live and dead, herbaceous, and woody components. The

dry weight of the understory vegetation was measured after

drying for 48 h (or until constant weight for woody samples)

at 65 °C.
Leaf area index was measured at US-NC2 using an

LAI-2000 (LiCor, Lincoln, NE, USA). Measurements were

taken throughout the year from five points (center and four

cardinal directions 7 m from each plot center) on the four cen-

trally located vegetation plots. At US-NC1, the open and low

canopy precluded reliable application of optical methods until

2009. Therefore, leaf area index was estimated from litterfall

and specific leaf weight data. Leaf fall was measured with

three 0.18 m2 litter traps on each plot. The litter was collected

every 90 days during spring and summer, and monthly dur-

ing fall and early winter. The samples were separated into

needles, leaves, twigs, and reproductive litter, and oven-dried

to constant mass at 65 °C. Dried samples were weighed imme-

diately upon removal from the oven, subsampled, and ground

for elemental analysis. Coarse woody debris biomass was esti-

mated on 13 plots in 2005 and 2006 and on 25 plots from 2007

on, laid out on a grid across the study area. Each plot had two

perpendicular 40 m transects, originating from the center of

the plot. The direction of the first transect was determined

with a random number generator. All pieces of CWD larger

than 7.6 cm in diameter at the intersection with the transect

were identified to species when possible (and to hardwood or

softwood when species identification was not possible), and

the diameter and decay class were recorded (FIA, 2007). Snags

(dead standing trees) in the vegetation plots were also

included in this pool. The C content of CWD was determined

in 2008 for loblolly pine and seven hardwood species based

on three samples of each collected from the site. The decay

rate reduction factors were based on Waddell (2002). Forest

floor was sampled in the mid-rotation stand four times a year.

There was considerable variation both among plots and

between the measurements times, with a coefficient of varia-

tion for the latter of 10–18%. Fine roots were collected from

soil cores cut out of four soil pits adjacent to the four centrally

located vegetation plots. Soil pits were dug into the bed mid-

way between two dominant trees, and soil cores were col-

lected from each horizon on two perpendicular soil pit walls.

Roots were removed prior to drying the samples at 65 °C for

48 h. Soil samples were then ground to a fine powder, re-dried

for 24 h, and weighed for C and N analysis on a PerkinElmer

2400 elemental analyzer (Perkin Elmer, Watham, MA, USA).

All biomass estimates were converted to carbon units using a

carbon content of 49%, based on repeated site-specific destruc-

tive sampling of stem, branch, and leaf samples, analyzed

between 2006 and 2009. The resulting biomass and productiv-

ity estimates were slightly lower than those reported earlier

(Noormets et al., 2010) where we used an average C content of

53%, based on Birdsey (1992).

Biomass pools at the time of harvest were estimated by

linearly extrapolating all pool sizes from the mid-rotation out

to the harvest age of 25 years. The annually estimated pool

© 2012 Blackwell Publishing Ltd, Global Change Biology, 18, 3186–3201
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sizes using allometric relationships of diameter at breast

height and height with time were linear over the 5 year obser-

vation period, with R2 > 0.985 for all observed pools (total,

aboveground woody, stem, root and leaf biomass). Harvest

residue or slash was estimated as the difference between esti-

mated pool sizes at the time of harvest (LP25 and BN in

Table 1) and harvesting efficiency in southern pines (Clark

et al., 2004). Total annual belowground allocation (BGA) was

calculated as the sum of leaf, fine, and coarse root production,

and branchfall.

CO2 flux measurements

Eddy covariance. Ecosystem exchange of CO2 was measured

with an open-path eddy covariance system consisting of

LI-7500 infrared gas analyzer (Licor, Lincoln, NE, USA),

CSAT-3 sonic anemometer (Campbell Scientific (CSI), Logan,

UT, USA), and CR5000 datalogger (CSI). US-NC2 had a CO2

profile sampler based on a LI-820 infrared gas analyzer

(Licor), with air intakes at 0.059, 0.29, 0.69 and 0.99 of can-

opy height (Noormets et al., 2006, 2007) for estimating CO2

storage in the canopy air space. US-NC1 did not have a sim-

ilar system as the canopy was open and all the flux was

expected to be accounted for by turbulent exchange. The

eddy covariance systems were mounted at 6 m at US-NC1

until February 2008 and at 11.6 m from August 2008

onward. At US-NC2, the instruments were mounted at

22.5 m throughout the study. The distance from the instru-

ment tower to the nearest edge of the stand of interest was

250 m at US-NC1 and 440 m at US-NC2. In the predominant

wind directions, the fetch distances were 350 and >450 m,

with the ratio of uniform fetch to measurement height

(zm = z�d, where z is sensor height and d is zero-plane dis-

placement) 39–89 at US-NC1 and 32–39 at US-NC2. US-NC2

was surrounded by stands of similar age and species compo-

sition, whereas US-NC1 bordered with a similar stand in

the east, but was surrounded by taller mature pine stands

in the other directions. The 30 min mean fluxes of CO2 were

computed as the covariance of vertical wind speed and the

concentration of CO2, using the EC_Processor software pack-

age (http://www4.ncsu.edu/~anoorme/ECP/; Noormets

et al., 2006, 2007), and data quality control and gapfilling

were performed as reported earlier (Noormets et al., 2010).

Additional micrometeorological parameters measured

above canopy included air temperature (Ta, HMP45AC, Vai-

sala, Finland), photosynthetically active radiation (PAR,

LI-190, Licor Inc.), net radiation (Rn, CNR-1, Kipp & Zonen,

Delft, the Netherlands), and precipitation (P, TE-525, Camp-

bell Scientific Inc. (CSI), Logan, UT, USA). The PAR measure-

ments were corrected for sensor drift based on annual

comparisons against Ameriflux standard sensor (PARLITE,

Kipp & Zonen), and assuming a linear drift. Soil temperature

(Ts) was measured at depths of 5 and 10 cm with CS107 (CSI)

temperature probe, soil volumetric water content (VWC) was

averaged through the top 30 cm using a vertically inserted

CS616 time domain reflectometer (CSI), and the depth of GWT

was monitored using pressure water level data logger (Infini-

ties, Port Orange, FL, USA).

Soil respiration. Soil respiration was measured biweekly on

four central vegetation survey plots at each site. Each plot

included six 20 cm diameter soil respiration collars (10 cm

diameter until 2008), which were measured with LI-8100 soil

respiration system (Licor) and 8100-103 (8100-102 until 2008)

survey chamber. At each measurement, soil temperature (at 5

and 10 cm) and moisture (top 20 cm) were recorded adjacent

to each collar with HI 98501 (Hanna Instruments, Woonsocket,

RI) handheld thermometer and CS620 HydroSense water

content sensor (CSI). Continuous automated measurements of

SR were conducted at the instrument tower starting 2005 at

US-NC2 and 2008 at US-NC1. We used a LI-8100 soil respira-

tion system with 8100-104 long-term chamber (at US-NC2

8100-101 until 2008). Continuous measurements of soil tem-

perature at a 5 cm depth were made at the central instrument

tower using CS107 thermistors (CSI), and at each of the SR

plots using HOBO U12-008 datalogger, and four TMC6 tem-

perature probes (Onset Computer, Pocasset, MA, USA) per

plot. The respiration rates in individual collars varied as a

function of distance from trees, with the within-plot variability

exceeding that among the plots (Noormets et al., 2010).

Upscaling to annual scale was conducted on per-collar basis

using empirical relationships with temperature and moisture

using both the automatic and survey chamber measurements,

weighting the collars in proportion to stand-wide area distri-

bution of distance to the nearest tree (Noormets et al., 2010).

Heterotrophic respiration (RH) was estimated from annual SR

using the global relationships reported by Bond-Lamberty

et al. (2004)

Respiration of coarse woody debris. Respiration from coarse

woody debris (RCWD) was measured in 2007–2008 in eight per-

manently installed PVC collars using LI-8100 soil respiration

system and 8100-102 survey chamber. Substrate temperature

was measured with HI 98501 thermometer and substrate

moisture was assessed on qualitative scale based on visual

appearance and time since last rainfall. The level of decay of

the substrate was evaluated periodically according to Harmon

et al. (1986). The decay classes exhibited distinctly different

decay rates and different sensitivity to environmental condi-

tions. However, given the final sample size per decay class

(n = 66–73 in different years), we were able to develop tem-

perature response functions for decay classes two and three.

Although measurements were also conducted on logs belong-

ing to decay class four, we had to exclude 70% of the data due

to suspected leaks during measurements due to decreasing

substrate integrity and high porosity. As the result, the esti-

mates of base respiration and temperature sensitivity were

poorly defined in this decay class.

The annual fluxes of CWD respiration were estimated with

two different approaches. First, the chamber measurements of

CO2 efflux from CWD were regressed with the temperature of

CWD, grouped by different decay class, and scaled up using a

non-linear regression model based on estimated CWD temper-

ature, which in turn was estimated based on the relationship

between CWD and soil temperature over a 4 year period. The

upscaled estimates were further weighted by the ratio of

CWD projected area (ACWD) to plot area (A) as in Eqn (1).
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Rto

CWD ¼ RCWD
ACWD

A
ð1Þ

For years when RCWD measurements were not conducted

(2005, 2006, 2009), the fluxes were estimated using the temper-

ature response model established for 2007. Given that from

July of 2007 through June of 2009 the sites experienced severe

drought (Noormets et al., 2010; Domec et al., 2012b), we con-

sidered the parameterization for 2007 to better represent the

moister years than that for 2008. Second, the change rate of

CWD mass was converted into units of CO2 emitted by adjust-

ing annual mass loss (MCWD,t+1 � MCWD,t) for (i) microbial C

use (growth efficiency of 20%; Epron et al., 2006; Ngao et al.,

2005) that would contribute to loss of CWD, but not to

observed CO2 production, and (ii) fragmentation, which has

been estimated to be comparable in magnitude to the rate of

mineralization (Harmon et al., 1986). Sometimes, fragmenta-

tion may start with a lag of a few years (see Harmon et al.,

1986), but in the current study, the measured CO2 emission

rates were adjusted from year 1. Annual mass change was

estimated from the amount and decay class (DC) of CWD

present (FIA, 2007).

RMCWD

CWD ¼ 0:8

2
ðMCWD;tþ1 �MCWD;tÞ ð2aÞ

where

MCWD ¼
XS

DC¼1

MDC
CWD ð2bÞ

Missing from these estimates is the explicit accounting for

the decay of harvest residue or slash, which consists of foliage,

bark, branches and small stems.

Data processing and gapfilling

Gaps in eddy covariance fluxes and soil respiration were filled

with non-linear regression models as described previously

(Noormets et al., 2010). In February, 2008, the tower at US-

NC1 was damaged in a storm and flux measurements did not

resume until July. The 22 week data gap was filled by compar-

ing three different methods and averaging the output of (i)

daily interpolated values between 2007 and 2009, and (ii)

gapfilling model estimates fitted to the rest of the year. The

difference between these estimates was 65 g C m�2 yr�1. An

estimate using a 2nd-order Fourier transform (Richardson &

Hollinger, 2007) was not used in the averaging because the

seasonality of NEE was distorted due to no data being avail-

able during the spring transition. Even though the estimates

from the two preferred methods were similar, it has been

estimated that a weeklong data gap could translate into an

additional uncertainty of up to 30 g C m�2 (Richardson &

Hollinger, 2007), which, in the worst case, would add 660 g

C m�2 yr�1 to our annual flux uncertainty in 2008.

Partitioning respiration

Partitioning ecosystem respiration (ER) to above- and below-

ground heterotrophic (RHSoil) and autotrophic (RA) compo-

nents was based on several assumptions. We hypothesized

that the global relationship in RHSoil:SR ratio described by

Bond-Lamberty et al. (2004) would not hold in the young

regenerating forest. Following a harvest, there would be a

large pool of coarse roots that would gradually die and

become a substrate for microbial decomposition. At one

extreme, one could speculate that most of SR would originate

from heterotrophic processes. However, this scenario did not

hold up in the mass balance analysis, when all respiration

fluxes were constrained at the ecosystem level by ER. The

harvested site was also rapidly colonized by annuals and

shrubs, which probably contributed to at least some auto-

trophic activity below ground. Thus, we consider the global

model (RHSoil-BL) and SR as the two boundaries between

which true RHSoil probably fell. As the vegetation and new

root systems developed, RHSoil probably shifted closer to

RHSoil-BL. To further constrain RHSoil, we estimated RA as (1)

the difference between GEP and biometric estimates of net pri-

mary production (NPP), or (2) 50% of gross ecosystem produc-

tion (GEP), which is the global mean (Waring et al., 1998),

although we recognize that RA:GEP ratio may not be constant

(DeLucia et al., 2007; Piao et al., 2010).

RA1 ¼ GEP�NPP ð3aÞ

RA2 ¼ 0:5GEP ð3bÞ

RHSoili ¼ ER� RCWD � RAi ð3cÞ
To close the carbon budget for RHSoil-BL, RA was estimated

as the residual: RA�BL = ER�RCWD�RHSoil�BL.

Harvest losses

In managed forests, the C cycle is open and a significant frac-

tion of assimilated carbon leaves the site at harvest. The exact

amount of removal depends on species, and the market

demand for different wood products, which, in turn, may vary

regionally and in time. In this study, we used a removal rate

of 87% of stemwood, which has been reported for slash pine

in similar climate (Clark et al., 2004). Given the allocation pat-

terns in loblolly pine, this removal rate is equivalent to 75% of

aboveground biomass, falling between the alternative esti-

mates of 54% and 80% of overall aboveground biomass as

reported by Gower et al. (2006)and Yanai et al. (2003). Clearly,

closing the carbon balance depends on the correct estimation

of harvest exports, but unfortunately, these estimates are not

well constrained. Although we do not consider the fate of har-

vested biomass further, it is worth mentioning that it is esti-

mated that only about 28% of the harvested wood ends up in

final products, with the rest being lost in milling and transpor-

tation (Ingerson, 2009).

Results

Biomass

Following the clear-cut harvest of a mixed native hard-

wood stand in 2004, site US-NC1 was estimated to have

approximately 2390–2850 g C m�2 in CWD and nearly

as much in dead fine and coarse roots (Table 1). As we
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did not measure the diameters of trees in the preharvest

forest, we can only estimate the range of belowground

dead biomass from other similar stands in the region.

The Bull Neck Swamp site, 31 km from US-NC1, that

had similar vegetation composition and age compared

to US-NC1 before harvest, had 1900 ± 820 g C m�2

(mean ± SD) in coarse roots, which would ultimately

all die and begin to decay within a few years following

the harvest. Based on the aboveground biomass esti-

mates for the same site, and assuming 87% harvest

removal of stemwood (Clark et al., 2004), the initial

amount of aboveground slash was estimated at 1720 g

C m�2, consistent with the range of observed CWD.

New 2 year old seedlings were planted in 2005, but the

biomass at the site was dominated by herbaceous and

woody groundcover through the first 3 years (Table 1).

However, by year 5, pine leaf area and productivity

had reached levels comparable to the mid-rotation

stand US-NC2, with about 275 g C m�2 in foliage bio-

mass. The canopy still had a significant understory

component, particularly in the first part of the growing

season when water availability was higher, discussed

in more detail elsewhere (Domec et al., 2012a). Also, by

year 5, CWD and understory biomass had declined

to levels comparable to those observed at US-NC2

(Table 1).

The harvesting and subsequent site preparation

destroyed the forest floor in the young stand, and

partly mixed it with the topsoil. Forest floor measure-

ments resumed only 7 years after harvest, by which

time forest floor had recovered to about half of that in

the mid-rotation stand (Table 1). In the mid-rotation

stand, there was a slight increasing trend in forest floor

mass (Table 1), but it seemed sensitive to interannual

variability in weather (data not shown). There was a

distinct cycle of alternating phases of forest floor accu-

mulation and loss, but among years, the timing of these

phases shifted significantly, with the timing of leaf fall

affected both by natural processes of aging and storms

(data not shown).

Ecosystem-level CO2 exchange

US-NC1 was a strong source of C to the atmosphere

immediately following the harvest, owing to the har-

vest residue, large pool of dead roots and disturbance

of the top soil. The site respired 2127 ± 35 (mean ± gap-

filling uncertainty) g C m�2 yr�1 in the first year, of

which nearly 80% originated from soil (1727 ± 45 g

C m�2 yr�1). The rate of decomposition of the dead

organic matter slowed in subsequent years, but some of

the decline in SR was compensated for by increasing

aboveground respiration, first from the understory, but

increasingly from the pines, as well. Although ER

decreased to about 1650 g C m�2 yr�1 in years 3 and 4

following the harvest (Fig. 1b), it was largely attribut-

able to a decrease in RA due to drought-induced reduc-

tions in GEP (Noormets et al., 2010) rather than to a

decline in RH. As an average over the 5 year observa-

tion period, annual ER did not significantly differ

between the early- and mid-rotation stands, whereas

SR and RHSoil-BG declined.

Gross ecosystem productivity also recovered rapidly

after harvest due to no weed control. The ground cover

assimilated 1290 ± 40 g C m�2 yr�1 in the first year fol-

lowing the harvest, and 1625 ± xx g C m�2 yr�1 in the

second year. Pine photosynthesis was not directly mea-

sured, but pine leaf mass contributed only 0.02 and

1.5% to total site canopy (mass-based, based on destruc-

tive harvest) in 2005 and 2006, respectively (14% in

2007 and 57% in 2008). The declines in GEP in 2007 and

2008 are attributable to severe droughts during these

years (Fig. 1b; Domec et al., 2012a; Noormets et al.,

2010). The drought years prolonged the postharvest

source phase and suppressed carbon uptake over the

(a)

(b)

Fig. 1 Main ecosystem carbon fluxes over 5 years in two lob-

lolly pine plantations of different age. (a) Annual and cumula-

tive net ecosystem exchange (NEE) of CO2, with black line

indicating a rectangular hyperbola model, fitted to all the mea-

surements, the black dashed line marks cumulative carbon

balance, and the gray line is a rectangular hyperbola fitted to

non-drought-year data. (b) Ecosystem respiration (ER), soil

respiration (SR), and gross ecosystem production (GEP).

SR = Mean ± SD of five plots.
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entire chronosequence (black vs. gray line on Fig. 1a).

The early-rotation site US-NC1 became a C sink by

year 5, sequestering about 250 ± 15 g C m�2 yr�1,

whereas without the drought, the transition from C

source to sink may have occurred a year earlier.

However, a detailed evaluation of drought effects and

other interannual variability separate from age-related

changes is beyond the scope of the current study. The

average rate of annual sequestration at the mid-rotation

stand US-NC2 was 800 g C m�2 yr�1, but individual

years varied widely, ranging from 360 to 1195 g

C m�2 yr�1.

CWD respiration

The two methods for estimating CWD loss rate were

relatively consistent with each other (Fig. 2b), with the

main losses occurring in the first 2–3 years and declin-

ing to levels comparable to the mid-rotation stand

(�20 g C m�2 yr�1) by year 4. The gapfilling uncer-

tainty of chamber measurements was 21–23% for decay

class two and 10–11% for decay class three, and the dif-

ference between the two methods (chamber measure-

ments and interannual mass loss) of estimated RCWD

was 68, 19, 21, and 36 g C m�2 yr�1 in years 2–5,
respectively (CV = 24–62%; Fig. 2b). The main changes

in the site-level losses were driven by the decrease in

CWD mass and areal coverage, whereas the CO2 evolu-

tion rate per unit CWD area changed much less

(Fig. 2a). Therefore, the temperature-adjusted decay-

class-specific decay rates were applied throughout the

study period within each site. The mass-based esti-

mates of RCWD were negative in some years, and were

attributed to (i) measurement uncertainty in years 3

and 4 at US-NC1, and (ii) storm-related episodes of

snag fall-over, which increased the CWD present in

2007 and 2008 over the preceding years at US-NC2. The

cumulative loss of CWD was about 2020 g C m�2, most

of it in the first 4 years beyond which the CWD inputs

and losses were balanced. The integrated RCWD over

the first 4 years was estimated at 781 and 668 g C m�2

from the mass loss and flux upscaling approach,

respectively (Fig. 2b).

Autotrophic respiration and partitioning ER

The two data-based estimates of autotrophic respiration

were consistent with the residual estimate. As hypothe-

sized, the methods diverged more in the young than

the mid-rotation stand. While RA-BL increased with age

in the young stand similar to RA1 and RA2 (Eqns 3a and

b), it was about 40% higher (Fig. 3). The interannual

variability was greater using the biometric estimate

(RA1), possibly due to temporal lags between assimila-

tion and growth, and interannual variability in alloca-

tion to storage and root growth.

Heterotrophic soil respiration was estimated as

the residual (Eqn 3c) and could be used to assess the

(a)

(b)

Fig. 2 Coarse woody debris (CWD) decomposition (RCWD; rates

for decay classes 2 and 3 are shown), CWD areal coverage, and

total CWD biomass (a), and the derived area-normalized RCWD

derived from CWD loss rate and from upscaled CO2 emission

rates (b). The fluxes are presented as estimates of CO2 emis-

sions. See Methods for further details and assumptions.

Fig. 3 Alternative estimates of autotrophic respiration (RA) in

two loblolly pine stands. Years 1–5 come from US-NC1,

years 13–17 from US-NC2.
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internal consistency of the partitioning methods. How-

ever, unlike in comparisons of RCWD with CWD mass

loss data, for partitioning ER RCWD is the observed CO2

production rate, not adjusted for microbial C use and

fragmentation. Given that the biometric and statistical

estimates of RHsoil are independent of SR measure-

ments, their ratio offers an assessment of internal

consistency. As a 5 year average, the two data-based

estimates of RHsoil did not differ from the estimate of

the global model (RHSoil-BL), and were about 50% of SR

(Fig. 4). However, in the early rotation stand, both

data-based estimates of RHsoil diverged significantly

from the global model and while they were consistent

in 3 years out of the 5 year observation period, during

severe droughts, the biometric estimates exceed SR,

implying internal inconsistency. However, the temporal

dynamic was very similar with the statistical method.

Overall, even by the 5th year of measurements, the

heterotrophic component of soil CO2 efflux remained

higher in the early-rotation than the mid-rotation

stand, whereas the CWD pool aboveground had

declined to the level seen in the mid-rotation stand

(Fig. 5).

Given the different pool sizes after the harvest of

mixed hardwood and loblolly pine stands, it is possible

that RHtotal (RHSoil + RCWD) would have been slightly

higher than observed here, had the early rotation site

been established as a second rotation of pine. On one

hand, there would have been more logging slash and

root biomass (Table 1). Conversely, CWD and RCWD

would probably have been lower, but over the rotation

cycle, its contribution to ecosystem C balance was small

compared with RHtotal. Although we re-checked the

allometric equations for different ages of loblolly pine

and are confident about the productivity estimates of

different pools, we are less sure about harvest removal,

and other related changes.

CWD production and BGA

New CWD production occurred only in the mid-

rotation stand US-NC2, whereas in the early rotation

stand, CWD production was zero. Even when trees

died, their size was well below the CWD threshold. At

US-NC2, CWD production was highly variable among

plots and years, with the mean annual tree death rates

ranging 0–2.3%, and the fall-over rate of snags ranging

0–63%. Given the proportionality of this estimate to

standing biomass and the aggrading nature of the

stand, the 5 year mean CWD production rate was esti-

mated at 7–12 g C m�2 yr�1 based on the snag produc-

tion and fall-over rates, and about 30 g m�2 yr�1 based

on consecutive CWD surveys.

CWD production at the time of harvest is difficult

to constrain accurately, partly because of the non-

biological processes involved, as well as because of

(a)

(b)

Fig. 4 Belowground heterotrophic respiration (RHSoili; see Eqn

3a–c) from three different approaches and its ratio to total soil

respiration (SR) in two loblolly pine stands. Years 1–5 come

from US-NC1, years 13–17 from US-NC2.

Fig. 5 Partitioning of total ecosystem respiration in two loblolly

pine plantations. Years 1–5 come from US-NC1, years 13–17

from US-NC2. RA is the average of biometric and global esti-

mates (RA1 and RA2, see Methods), RHSoil is estimated as the

residual.
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associated disturbances of remaining pools. Based on

biometric estimates of various pool sizes in (i) loblolly

pine plantation at harvest age, and (ii) a mixed bottom-

land hardwood forest similar to what was at US-NC1

prior to planting, we estimated that aboveground

woody harvest residue was 2970 or 1350 g C m�2,

respectively, and the total dead organic matter pro-

duced in a harvest was 6000 or 3950 g C m�2, respec-

tively (Table 1). Given the estimated slash in the

harvest-age forests, the estimated CWD pool of 2390–
2850 g C m�2 immediately following the harvest may

be an overestimate as it should be smaller than the

slash pool. However, it is also possible that a smaller

fraction than the assumed 87% of stemwood was

removed from the site.

Discussion

Uncertainties

This study was an attempt to evaluate rotation cycle car-

bon balance using an unreplicated pair of loblolly pine

stands. As such, it is vulnerable to the weaknesses typi-

cally associated with chronosequence studies, including

site matching, representativeness, and changes in envi-

ronmental conditions and management practices over

time (Yanai et al., 2003; Howard et al., 2004). It has been

suggested that matching sites by site index would ame-

liorate some of the problems (Peichl et al., 2010). In the

current study, the early-rotation site US-NC1 had a

higher site index than the mid-rotation site US-NC2 (88

and 66, respectively). As a result, the combination of

sites as in this study may represent net ecosystem car-

bon balance intermediate to those with internally con-

sistent site indices as the rate of recovery may currently

have been overestimated, whereas the fluxes at later

stages may have been underestimated. It remains

unclear whether the difference in site indices is primar-

ily due to soil properties, the 25 ppm increase in atmo-

spheric CO2 between the two harvests, or the fact that

the two sites have been under intensive silvicultural

management for different period of time (see Methods).

Other factors that may not necessarily have contributed

to the site mismatch, but nevertheless were poorly con-

strained or unquantified, include other C transforma-

tion pathways (leaching, CH4, and VOC emissions), the

amount and decomposition dynamics of fine logging

slash, and photodegradation. However, these fluxes are

assumed to be minor in their contribution to total site C

balance, and insignificant across the rotation cycle. On

the other hand, even though the decomposition of fine

woody debris may be faster than that of CWD (Mattson

et al., 1987; Chambers et al., 2000) and it may not

contribute to rotation cycle C balance, it may play a role

by priming soil C mineralization (Smolander et al.,

2010). Although the difference between the mass loss

and flux upscaling estimates of RCWD was smaller than

the expected uncertainty of either method, the fact that

upscaled chamber fluxes were consistently lower than

CWD mass loss could also be attributable to three

methodological biases. First, CO2 emissions from the

ends of decaying CWD exceed the lateral flux rates

because of lower resistance to diffusion alongside the

xylem vessels than across them (Forrester & Mladenoff,

personal communication). As we measured RCWD in

the traditional way, with collars mounted on the

upward facing side of the fallen logs, an underestimate

is possible. Second, it is also possible that our sampling,

which was restricted to decay classes two and three,

was biased for not including the more advanced decay

classes four and five. This could have been exaggerated

by presumably greater fragmentation of these decay

classes. And finally, it is possible that fragmentation

may have been greater than the assumed equivalence

with mineralization as the CWD was disturbed during

the harvest and subsequent site preparation. The

importance of photodegradation in the current study

was discounted on account of reports of it being limited

in mesic environments (Smith et al., 2010). Yet, if it did

occur, photodegradation would have inflated the

decomposition rates of highly lignified tissues more

(CWD, Austin & Ballare, 2010) and inflated RCWD esti-

mates in the first few years following the harvest. The

rotation cycle carbon balance is also affected by

assumptions made in extrapolations of various pool

sizes to the time of harvest. We used linear extrapola-

tion of all major biomass pools, based on the consistent

trends across both stands (Table 1). This may be coun-

ter-intuitive, as there are limits to leaf area and fine root

biomass, but given the observed trends, saturation

points could not be detected. In case the leaf and fine

roots pools and respective detritus inputs at harvest

are overestimated, the extent of soil C loss would be

underestimated.

Nevertheless, as the different independent estimates

of forest rotation cycle C balance are consistent with

one another, and the respiration budget was closed to

within 10 ± 5%, we conclude that the main conclusions

drawn in this study are robust. Yet, C transformations

in the early years of recovery from stand-replacing dis-

turbance need to be better constrained, particularly as

they have disproportionate influence on long-term C

balance of the stand.

Biomass

The biomass pools and estimates of NPP at US-NC2

reported here are slightly smaller than reported
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previously (Noormets et al., 2010), mainly because of

adjustments in biomass C content (49 vs. 53%; see

Methods). In addition, we re-checked the carbon con-

tent of hardwood species, and switched from hard-

wood allometric equations based on diameter at breast

height (DBH) and height to those based only on DBH.

Combined, these changes resulted in increased biomass

estimates for American holly (Ilex opaca) and lower

estimates for red maple (Acer rubrum), compared with

initial estimates. However, most of the changes in total

above- and belowground biomass pools were attribut-

able to pine biomass, because of the overwhelming

predominance of this species over hardwoods.

The sizes of the major biomass pools at the two sites

exhibited roughly linear increase with time except for

the first 2 years at US-NC1 (Table 1). We used this line-

arity to estimate the sizes of these major pools by

extending the observed growth rate at the mid-rotation

stand out to 25 years, finding that the total standing

biomass at that age might be about 154 t C ha�1

(Table 1). However, if we consider the vegetation that

was at US-NC1 prior to this planting (i.e. mixed bot-

tomland hardwood forest), the estimated standing

biomass at maturity was 52.9 t C ha�1, based on assess-

ment from a nearby stand with similar site characteris-

tics. The harvest residue generated by clearcutting each

of these forests would be 58 or 33 t C ha�1, respec-

tively, with 62 and 75% of it belowground. The esti-

mates of postharvest CWD of 23.9–28.5 t ha�1 are

closer to the expected residue from the bottomland

hardwood harvest. With fine logging residue that was

not quantified, and the large uncertainties about CWD

estimates (discussed below), we can consider these

estimates consistent with one another.

A large proportion (approximately 10–15%) of total

ecosystem carbon is in the forest floor (Table 1), and

the harvest-related dynamics of this pool may alter car-

bon transfer from aboveground to belowground pools.

A classic study by Covington (1981) indicated a 50%

decline of forest floor over a 20 year period following

harvest. Although some hypotheses have been put for-

ward that might explain the long-lasting impact of

harvesting (Aber et al., 1982), the generality of this find-

ing has later been called into question because subse-

quent studies have not observed comparable trends,

nor have models been able to explain such a pattern

(Yanai et al., 2003). However, some loss of forest floor is

expected, probably enhanced by the mixing of forest

floor with mineral soil (Yanai et al., 2003). In this study,

forest floor was not quantified during the early years

following the harvest because of the severe disturbance,

where mixing of slash with mineral soil and subsequent

bedding destroyed a clearly defined forest floor. In

year 7 after the harvest, new forest floor had formed

and was slightly more than half of that in the mid-

rotation stand. Assuming litter additions and turnover

rates similar to the mid-rotation stand, the 7 year time-

point fit on the same trend-line that characterizes the

change in that stand, consistent with earlier observa-

tions of constant rate of forest floor accumulation

(Gholz & Fisher, 1982). For integrated rotation cycle

carbon balance, the dynamics of forest floor per se are

not important if it recovers, but the effect that this

disturbance has on mineral soil carbon cycling and new

carbon transfer from above- to belowground pools

could be important. For example, microbial biomass

and activity have been reported to increase proportion-

ally with slash addition (Tisdale, 2008).

Fluxes

The carbon fluxes at the two plantations were large,

with NEE ranging from +840 to �1200 g C m�2 yr�1 at

different stages of the rotation cycle. The integrated

CO2 exchange over 25 year rotation cycle (area under

the dashed curve on Fig. 1a) is projected to be about

126 t C ha�1. Although we did not measure ecosystem

fluxes in the mixed bottomland hardwood forest, the

mean tree age (about 70 years) and total standing bio-

mass (Table 1) suggest that the NPP of this forest must

be about fivefold lower. With an 87% stemwood

removal rate for pines (Clark et al., 2004) and 54% AG

biomass removal rate for hardwoods (Gower et al.,

2006), the postharvest slash at the site is estimated at

57.6 and 43.2 t C ha�1, respectively.

It took about 4.5 years to become a net sink of C

(without a severe drought that occurred in 2007–2008, it
may have been as fast as 3.5 years, Fig. 1a), and about

9.5 years for the plantation to regain C lost in the

harvest-related disturbance. While the removal and

subsequent recovery of leaf area after harvest resulted

in proportional change in GEP, there was practically no

change in ER (Fig. 1b). Yet, the contribution of different

components changed significantly (Figs 1–5) as dis-

cussed below. Overall, the dynamics and mechanisms

of flux recovery were strongly affected by the rapid col-

onization of the site by annuals and shrubs, consistent

with Takagi et al. (2009).

The large year-to-year changes at each site were in

part attributable to the aggrading canopy in the young

stand but also to large extremes in precipitation

(Domec et al., 2010; Noormets et al., 2010). The effect of

the 100 year drought in 2007-2008 (Noormets et al.,

2010) affected both GEP and ER, but was more pro-

nounced on GEP. We did observe the hypothesized

increase in RH, both in above- and below-ground, but

contrary to our hypothesis, this increase was roughly in

balance with the decline in RA, similar to the report of
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Toland & Zak (1994). This is likely attributable to the

rather high RA at our mid-rotation stand (about 70%;

Fig. 5), all the more so on the organic soils (Subke et al.,

2006). However, given the relatively high fine root

length density and deep profile (Domec et al., 2012a),

the observed breakdown of SR is not unreasonable. The

total increase in SR was short-lived compared with ear-

lier studies where higher postharvest SR was reported

(Gordon et al., 1987; Idol et al., 2000; Noormets et al.,

2006, 2007), with only the first 2 years exhibiting higher

emissions.

CWD dynamics

Changes in the CWD pool and turnover represent a key

effect of harvest, yet both inputs to and outputs from this

pool remain poorly quantified in relation to other fluxes.

In the current study, the CWD pool seemed to be in

steady state between ages 5 and 20 years, at about 300–
400 g C m�2 (Table 1). Mean CWD production rate in

the mid-rotation stand, estimated from snag production

and fallover rate, was 21.3 ± 7.0 g C m�2 yr�1

(mean ± SD). This is similar to the mean of 0.4 t

DW ha�1 yr�1 reported for 20 year old stands at Hub-

bard Brook Ecosystem Study (Tritton, 1980; as cited by

Harmon et al., 1986), but about 5- to 20-fold lower than

in mature natural forest stands of the Pacific Northwest

(Sollins, 1982; Harmon et al., 1986; Spies et al., 1988),

Northeast USA (Siccama et al., 2007), slash pine in Flor-

ida (Clark et al., 2004), and mixed hardwood stand at

Coweeta Hydrologic Laboratory in North Carolina

(Mattson et al., 1987). This difference between the sites

in this study and those previously reported could, in

part, be due to the vigorous growth, low tree density

and low mortality in the mid-rotation stand. Dead trees

contributed only about 12% of all CWD inputs (ranging

from 0 to 33%), compared to 61% in the old-growth sites

in Pacific Northwest (Harmon et al., 1986). However, the

proportion of CWD and litterfall in total dead organic

matter production was similar in the current study and

that reported in literature (e.g., Sollins, 1982; Harmon &

Hua, 1991), about 5–20%. It is important to note, how-

ever, that the interannual variation of CWD production

from both snag fallover and branchfall was very high

(5 year CV = 145%) and associated with storms.

Mean RCWD (including both mineralization and frag-

mentation) was estimated at 41.5 ± 13.4 g C m�2 yr�1

(mean ± SD) at age 3 and 4, and 18.8 ± 5.2 g C

m�2 yr�1 for years 13–19 (overall 26.3 ± 13.8 g C

m�2 yr�1). Even though RCWD was 5- to 10-fold higher

than the baseline in the first 2 years following the har-

vest, it was still less than half of the heterotrophic con-

tribution from soil (Figs 2b and 4a). The base rate of

RCWD was similar to that reported for jack pine stands

in Canada (Howard et al., 2004), higher than in black

spruce forest (Hagemann et al., 2010), but lower than in

a mixed hardwood forest at Coweeta Hydrologic Labo-

ratory (Mattson et al., 1987), which is climatically most

similar to the current study. While the CWD pool and

its decomposition rate were lower than those in many

natural old-growth forests (references above), the decay

constant (k = 0.06) was similar to those reported for a

range of species (Harmon et al., 1986; Mattson et al.,

1987; k = 0.015 … 0.26), and in line with the global

model based on mean annual temperature developed

by Chambers et al. (2000). The similarity of inputs to

and losses from the CWD pool (18.8 vs. 21.3 g

C m�2 yr�1) suggests that at least in mass terms, CWD

is not a big contributor to soil C pools. It is unknown

whether branchfall, which was threefold greater than

CWD input, contributed more or less to the soil C pool.

Given that the ratio of fragmentation to mineralization

is greater in fine woody debris than in CWD (Mattson

et al., 1987; Chambers et al., 2000), the proportion of the

material stabilized and incorporated into soil C pools

may also differ from CWD.

As the chamber-based RCWD measurements were

conducted primarily in 2007 and 2008, the two driest

years of the measurement period, a question arises

whether the same upscaling relationships with temper-

ature and moisture would apply in other years. It is

broadly recognized that moisture, ground contact, and

colonization by fungi are key factors affecting CWD

decomposition (Mattson et al., 1987; Yanai et al., 2003;

Hagemann et al., 2010). However, we did not see any

evidence of clear moisture response, which lends more

confidence in the upscaled annual values. Furthermore,

the mass loss data are consistent with the chamber esti-

mates (Fig. 2b). Yet, despite our best attempts to inde-

pendently estimate RCWD, several of the assumptions

that were made in the upscaling remain untested. These

include the rate of fragmentation, microbial C use effi-

ciency, sampling bias (see Methods), the amount of log-

ging residue generated during harvest, the amount of

slash mixed into soil, and a potential lag between har-

vest and start of fragmentation. Although the exact

RCWD in the first year is uncertain, the independent

estimates based on mass loss and on upscaled fluxes

are consistent with one another, suggesting that RCWD

was higher in the first than in subsequent years, and

that the assumptions made were broadly plausible

(including the assumption of no lag before the start of

decomposition).

Partitioning respiration

Given the several conservative relationships between

ecosystem fluxes, like RA : GEP (Waring et al., 1998)
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and RH : SR (Bond-Lamberty et al., 2004), there are

multiple ways of attempting to partition ER short of

measuring all components directly. Each approach is

associated with its own assumptions and uncertainties.

In the current study, we reasoned that harvesting is

more likely to offset the proportionality between RHsoil

and SR than the RA and GEP. Nevertheless, the biomet-

ric and allometric estimates of RA (see Methods) were

not identical. They were more consistent in the mid-

than early-rotation stand, implying that the assump-

tions made about allocation patterns were more closely

followed in the former. Their differences are attribut-

able to buffering effects from storage and belowground

allocation. As biometric NPP estimates are blind to

interannual differences in belowground allocation, the

use of stored carbohydrates from the previous year for

current year growth may contribute to partial decou-

pling between assimilation and productivity (Barford

et al., 2001; Gough et al., 2008b). In conifers, the decou-

pling may be even greater due to the multi-year

lifespan of leaves, which could introduce even

longer and multilayered lag effects. Furthermore, the

RA1 : GEP ratio did exhibit a significant increase with

age (RA1 : GEP = 0.39 + 0.016Age). Yet, the interannual

differences in the three RA estimates were similar, sug-

gesting that the environmental factors affected most

ecosystem carbon fluxes, from GEP to RH. The mean

RA1 : GEP ratio in the mid-rotation stand was

0.63 ± 0.1, higher than the global mean of 0.5 used in

RA2 (Eqn 3b), and also higher than our earlier estimate

of 0.55 ± 0.03, based on RA ¼ ER� 0:5SR (Noormets

et al., 2010).

The last step of partitioning ER involves estimating

RHsoil as the residual term. Figure 4a shows that RHsoil

in the early rotation stand had increased by about 2/3

over the baseline levels in the mid-rotation stand. The

flux- and productivity-based estimates differed during

the dry years of 2007 and 2008, probably due to

the drought-related changes in allocation (including

growth:storage ratio) patterns, but overall, both showed

a more gradual decline in RHsoil than was observed in

RCWD (Figs 2b and 4a). This could be attributed to the

gradual dying of coarse roots, which could well take

multiple years, especially in root-sprouting species (in

current study, root sprouting contributed minimally to

the returning ground cover). As the disturbance-related

transient respiration pulses are very poorly understood,

this is a significant distinction. Although the different

sensitivity of decomposition of different C pools to

environmental drivers is well recognized (e.g., Toland

& Zak, 1994), above- and belowground RH are typically

still treated as a homogeneous component (summa-

rized by Pregitzer & Euskirchen, 2004). As the informa-

tion is accumulating about different temporal dynamics

and environmental sensitivities of various processes,

decomposition models can increasingly take advantage

of it, although challenges remain about collecting the

relevant field data.

As mentioned, the stimulation of RHsoil by harvest is

reported with regularity in individual chronosequence

studies; most synthesis and meta-analysis studies fail to

detect a consistent effect (Johnson & Curtis, 2001; Yanai

et al., 2003; Subke et al., 2006; Amiro et al., 2010). Fur-

thermore, in some studies, the effect may have been

obscured by possible site mismatch in the chronose-

quence (e.g., Law et al., 2003). In addition to sites where

reductions in RA completely offset any increases in

RHsoil, it is possible that variable recovery time con-

founds the signal in regional analyses (Piao et al., 2010).

Given the brevity of the respiration spike on one hand

and the possible lag after harvest on the other, it is pos-

sible that such transient events get lost either in the tim-

ing of measurements or in the averaging protocols of

meta-analyses when different developmental stages are

averaged together. Yet, as both stimulation and no

stimulation of SR have been reported from different lat-

itudes and soil types, no ready explanation associated

with climatic or priming differences seems apparent.

We hypothesized that if the input of harvest residue

serves as a priming agent (Kuzyakov et al., 2000), the

increase in RHSoil should be more pronounced in

organic soils or in environments favoring rapid decom-

position. However, the current evidence of spatial

patterns of stimulation does not bear it out.

The ratio of RHsoil to SR in the mid-rotation stand

(0.33 ± 0.14) was similar to that reported for other

pines (Ewel et al., 1987; Ryan et al., 1996; Schäfer et al.,

2003), but significantly higher (0.64 ± 0.17) and very

dynamic in the early-rotation stand (Fig. 4b). While

RHsoil decreased in absolute magnitude, its portion of

SR peaked in years 3 and 4 (a 100 year drought in 2007

–2008, Noormets et al., 2010), suggesting contrasting

sensitivity to drought between RA and RHsoil. While

the complete discussion of the drivers of interannual

differences is beyond the scope of the current study,

this difference between RA and RHsoil dynamics is

pronounced. The heterotrophic respiration (RHtotal =
RHSoil + RCWD) fraction of ER was significantly lower in

the current study than the average estimated for dis-

turbed forests in general (Amiro et al., 2010; 60% vs.

90%; Fig. 5).

Long-term carbon sequestration

Extrapolating NEE out to 25 years and integrating the

area under the curve, we estimate that about 12,525 g

C m�2 would be sequestered over the 25 year rota-

tion cycle (Fig. 1). Upon subtracting the amount of
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stemwood that would likely be harvested from the

stand (8895 g C m�2), the input to the ecosystem

would be 3630 g C m�2, which would partly decay

over the subsequent rotation cycle and partly contrib-

ute to the replenishment of soil C. Although we do not

know which plant C pools are preferentially incorpo-

rated to soil pool, it is intuitive that root carbon buried

deeper in the soil may take longer to mineralize than

surface litter. Yet, the literature on coarse root decom-

position suggests that this pool has decay rates similar

to aboveground CWD, with decay constants of about

0.13–0.16 (King et al., 1997; Ludovici et al., 2002; Miller

et al., 2006; Garrett et al., 2008). This is consistent with

our calculations based on estimated belowground bio-

mass and observed SR. Thus, by the end of the 25 year

rotation cycle, over 96% of coarse roots would have

decayed, and only 100–200 g C m�2 might remain of all

harvest residue. Whether this, indeed, enters the long-

term soil C pool is unclear. On annual basis, the losses

of C from soil (RHSoil) exceeded inputs (total below-

ground allocation, BGA) by 95 ± 155 g C m�2 yr�1

(mean ± SD; see also Noormets et al., 2010) in the mid-

rotation stage (years 13–17), and by 380–800 g C m�2

yr�1 in the first 5 years following the harvest (Fig. 6).

The rotation cycle average soil C deficit was estimated

at 124–267 g C m�2 yr�1, depending on the RA esti-

mates used. With as big annual deficits as the estimated

25 year surplus (and it being positive by definition,

given the exponential decay function used), it is unclear

if soil C pool may be growing or shrinking. Even if soil

C losses are offset by the input of harvest residue,

maintaining the SR at observed levels requires that soil

C be part of the cycle. We estimate that about 5.5% of

the soil C pool of about 41.4 kg C m�2 (top 1 m) would

have to mineralize over the 25 year rotation cycle, given

the observed ER and SR. Although we do not know the

exact origin of respired C, our conclusion fits the obser-

vation of Diochon et al. (2009), that harvesting can trig-

ger the loss of deep soil C.

It is evident that replenishing soil C pool is critically

dependent on the pulse of dead carbon inputs at

harvest time. Furthermore, as the aboveground harvest

residue disappears in only a few years, the inputs must

be proportionally larger from dead roots. However,

much about the decomposition dynamics of coarse

roots remains unknown. For example, in contrast with

the similar decay constants reported in the previous

paragraph, Ludovici et al. (2002) found that coarse roots

may persist for decades, possibly by staying alive well

past the harvest of the aboveground part. Given that

they also observed faster decay of dried than fresh roots

(Ludovici & Kress, 2006), it is possible that the experi-

mentally determined decay constants (based on dried

samples) may be biased high.

Our current study suggests that there is a fine bal-

ance between the soil C pool and harvest residue,

which determines the long-term site C balance. In this

light, recent efforts to convert harvest residue to bioen-

ergy production or other ‘green’ purposes are likely to

accelerate the decline of old soil C and may undermine

the sustainability of site productivity. As the area of

loblolly pine plantations is projected to expand rapidly

over the next 15 years (Zhang & Polyakov, 2010), the

implications on soil C resources may be significant.

While we need to be cautious when extrapolating our

findings to other areas, because the drained peat soils

at our study site may be more vulnerable to decomposi-

tion than most, the potential sensitivity of soil and

detritus C stocks to additional harvest removals was

also highlighted in the recent modeling study using

Fluxnet-Canada data (Grant et al., 2010). At all sites,

long-term exports must be kept in balance with inputs.

While specific recommendations have been made to

increase soil C sequestration in forests through targeted

management practices (Jandl et al., 2007), they may not

always be compatible with the timber production mis-

sion of intensive forestry. For example, maintaining

high productivity in a mixed species stand while mini-

mizing disturbance and extending rotation length

seems difficult to accomplish in a single stand.
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